Introduction
Muscular dystrophy refers to any hereditary disease that results in progressive muscle weakening and atrophic changes, and its main symptoms are the degeneration of skeletal muscles. Duchenne muscular dystrophy (DMD) has the highest incidence in the classifications of the muscular dystrophy. DMD is an X chromosome-linked degerative disorder of muscle. DMD myofibers lack the cytoskeletal protein called dystrophin (1) (2) (3) (4) . When it is summarized, the process of muscle fiber lytic and regeneration in DMD, as postulated at present, is as follows (5) . First of all, the fragility of the cell membrane increases because of lack of dystrophin. As a result, the cell membrane breaks down and the high concentration calcium ion flows into the cytoplasm (6) . Then the calcium -activated neutral protease (CANP, calpain) decomposes the proteins of muscle fiber. Z-line disappears and myofibril is cut finely (7) . Autophagy is caused by lysosome protease. Furthermore, phagocytes pass across the basement membrane and englobe the necrotic substance. At the same time, satellite cells are activated and initiate cell division. The satellite cells which proliferated are fused to each other to form regenerated fiber and reconstruct muscle fiber. Even though several causative genes and proteins coded by these genes have been identified in recent years, issues such as the function of causative proteins, protein interactions, and the pathology of the destruction of muscle cells, have not been clarified in detail. Some cases with no clinical manifestation and no advancing of muscular strength reduction were reported, but these had DMD gene aberration (8) . Also, extraocular muscles and external anal sphincters of DMD are not affected until the advanced stage (9) . In other words, the lack of dystrophin is not the only cause of DMD. The mechanism of the muscle destruction of DMD is not yet clear.
Recently, there have been some reports that suggest a relation between muscular dystrophy and apoptosis (10) (11) (12) (13) (14) (15) (16) (17) (18) . But the relation between the mechanism of the muscle destruction and apoptosis in the muscular dystrophy is not clear. Many basic and clinical studies on DMD have utilized the muscular tissue of the trunk, but few studies have analyzed the masticatory muscle. There are many unclear points about the effects of DMD on the function of mastication in the craniocervical region. The X-linked dystrophic mdx mouse is an established animal model for human DMD since skeletal muscle fibers in both mdx mouse and DMD patient lack a dystrophin (19) . The aim of the present study was to investigate whether apoptosis related proteins (Bax and caspase-3) are present in the masseter muscle of mdx mouse, and to infer the lytic mechanism of the masseter muscle fiber.
Materials and Methods

Frozen sections
Six ten-week-old males C57BL/10-mdx for experimental group and six ten-week-old males C57BL/10 ScN were used for the control group (Japan Clea Co., Ltd., Tokyo, Japan). After an intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight), the masseter muscle was excised. Then the masseter muscle tissue was embedded in the Tissue-Tek OCT compound (Sakura Finetechnical Co., Ltd., Tokyo, Japan) and placed in isopentane (-160 ) and refrigerated with liquid nitrogen to quicken the freezing process. Afterwards, according to the conventional method, serial fresh frozen sections of 8 m, perpendicular to the grain of muscle fibers were prepared at -18 in a cryostat (Cryocut 1800, Leica Instruments GmbH, Germany). Some frozen sections were stained with hematoxylin eosin (HE) after fixation in 4% paraformaldefyde in phosphate buffered saline (PBS), pH 7.4. 
Antibody
The following antibodies were used in this study. Polyclonal Rabbit Anti-Bax : P-19, sc-526, Santa Cruz Biotechnology, Inc., USA, dilution 1: 3000, 4 over night. Polyclonal Rabbit Anti-Active Caspase-3 : 3015-100, Bio Vision Research Products, CA, USA, dilution 1:500, 4 over night. Polyclonal Rabbit Anti-Single Stranded DNA (ssDNA) : A4506, Dako Japan Co.,Ltd, Japan, dilution 1:3000, 4 over night.
Immunohistochemistry
Immunohistochemistry was performed using the Vectastain Elite ABC Kit, Rabbit IgG (Vector Laboratories, Inc., USA) according to the manufacturer's instruction. Some frozen sections were transfered into PBS after fixation in 4% paraformaldefyde in PBS for 5 minutes. For quenching of endogenus peroxidase, the sections were treated with 3% H 2 O 2 in methanol for 5 minutes followed by rinsing with PBS. Sections were next treated with 0.1% goat normal serum in PBS at room temperature for 30 minutes and reacted with the above primary antibody diluted in PBS. The sections were treated with biotinyted secondary anti-rabbit antibody for 30 minutes, followed by ABC reagent for 30 minutes at room temperature. Next they were incubated with peroxidase substrate solution (Stable DAB, Falma Inc. Japan) at room temperature for 3 minutes, then transfered into distilled water. Finally they were stained by 1% Methyl Green for counterstaining, dehydrated in ethanol, and mounted with Entellan neu (Merck).
Results
In the masseter muscles of the normal control mice, strong localization of Bax, active caspase-3 and ssDNA were absent (Fig. 1) .
In the masseter muscles of the mdx mice, various pathological findings were detected. In the section stained by HE, muscle fibers like necrosis and muscle fibers with central nucleus were detected. In this study, we defined a "lytic muscle fiber" as a muscle-fiber-like necrosis, weakly stained by HE, and we defined a "initial regenerated area" as an area with cells like myoblasts and without muscle-fiber-like necrosis. Furthermore, we defined "regenerated muscle fiber" as fiber with a central nucleus.
Bax and active caspase-3 were strongly localized in the lytic muscle fibers in the masseter muscles of the mdx mice (Figs. 2-A, B) . However, the localizations of Bax and active caspase-3 were partially not in agreement in all serial sections that we observed, and some ssDNA positive areas were confirmed in the lytic muscle fibers (Fig. 2-C, arrow head) .
In the initial regenerated area, some ssDNA positive cells were confirmed ( Fig. 3-C, arrow head) . In addition, active caspase-3 positive small parts were confirmed in the same area of serial section (Fig. 3-B , arrow head).
In the same way, Bax positive cells were confirmed in the same area of the serial section ( Fig. 3-A, arrow head) . Some ssDNA positive cells were confirmed in the periphery of regenerated muscle fiber with central nucleus (Fig. 4-C, arrow head) . In a serial section, Bax-positive area was confirmed in the periphery of the central nucleus (Fig. 4-A, arrow head) .
Bax-positive area was confirmed around the cell nucleus, which existed in the periphery of the regenerated muscle fiber with central nucleus (Figs. 5-A and B , arrow head). Some granules with Bax-positive were confirmed in the periphery of the central nucleus and in the cytoplasm (Fig. 5-C, arrow head) . Also, Bax localizations were confirmed in nerve fibers in a perimysium (Fig. 5-D) .
Discussion
Caspase is produced as a precursor of which, and it is usually exists as an inactive form in cytoplasm. When a cell receives a cell death signal, Caspase is activated by formation of two size subunits of p20 and p10, and it changes to the active form, the structure of which is hetero-tetramer (20) (21) (22) . The antibody in this study preferentially recognizes the active caspase-3. Recently antissDNA antibody has been used for screening apoptotic cells instead of the TUNEL method (23) (24) . Correlation between the detection results of immunohistochemistry by anti-ssDNA antibody and the TUNEL method has been recognized (25) . This antibody reacts especially with the ssDNA chain with more 5-6 nucleotides, and no crossreaction occurs with double-stranded DNA and RNA. This result indicated an overexpression of Bax and active caspase-3 in the masseter of mdx mice. A very strong expression was confirmed, especially in the cytoplasm of the lytic muscle fiber (Fig. 2) . However, the localizations of Bax and active caspase-3 were not in comlete agreement in all serial sections that we observed. It was thought that if some program cell death was supposed to start, one of the causes could be a difference in processing time of the program. Also, some ssDNA positive areas were confirmed in the cytoplasm of the same muscle fiber of the serial sections. In this study, we did not identify these cells. In past reports, it was suggested that these cells were a nucleus of the lytic muscle fiber or an activated satellite cell or a myoblast (11, 16) . These lytic muscle fibers showed necrosis in the HE sections. It was suggested that the programmed cell death, like apoptosis, started in this area because the expressions of the apoptosis-related proteins were shown in the serial sections.
Next, in the initial regenerated region, a cell-like mononuclear phagocyte was seen, which englobed the lytic muscle fibers with strong Bax localization (Fig. 3-A , arrow head). ssDNA positive cells were detected in the same area of the serial sections (Fig. 3-C, arrow head) , but it was not clear why an ssDNA positive reaction was detected in these cells. Tews mentioned that this phenomenon is a selection of the activated satellite cells which multiplied excessively (11) .
In the next stage, a Bax-positive area was confirmed in the periphery of the central nucleus in the regenerated muscle fiber with central nucleus, too (Fig. 4-A, arrow head). In addition, some ssDNA positive cells were confirmed in the periphery of the same muscle fiber in a serial section (Fig. 4-C, arrow head) . The Bax-positive area was confirmed around the cell nucleus, which existed in the periphery of the other regenerated muscle fiber (Figs. 5-A and B, arrow head). In this study, we did not identify the existence of these cells in the periphery of these muscle fibers. In a past report, it was suggested that these cells were muscle satellite cells (16) . Moreover, some Baxpositive granules were confirmed in the periphery of the central nucleus and in the cytoplasm (Fig. 5-C, arrow  head) . Bax was located mainly on cytoplasm and occasionaly on the nuclear membrane in normal tissue, but generally the localization in a skeletal muscle is weak (26) . Bax localization was not always in all regenerated muscle fibers with the central nucleus in mdx masseter muscle. When apoptosis does not start, Bax, which is water-soluble, generally exists in cytoplasm. But in the early apoptosis stage, Bax shifts into mitochondria (27) . Moreover, it was reported that mitochondria were clustered on two longitudinally directed poles of each central nucleus in regenerated mdx muscle fibres (28) . There is some possibility that the above-mentioned Bax localization of some granules in the periphery of the central nucleus and in the cytoplasm is the localization of dense mitochondria.
In a past report, there was overexpression of Bax in the skeletal muscle tissue of the experimental models of skeletal muscle denervation -reinnervation (29) . But in this model, the overexpression of Bax is not related to the process of cell death, but rather increased Bax expression is associated with muscle fiber regeneration. Furthermore, Bax is widely expressed during the neonatal period in the central nervous systems of rodents, suggesting a role for this protein in proliferation and maturation in some tissues (30, 31) . No localization of Bax of regenerated muscle fiber was detected in the experimental models of rat facial muscle denervation -reinnervation ten-weeks after reinnervation. However, weak Bax localization was detected in a nerve fiber in the periphery of the regenerated muscle fiber (32) . The functions of Bax are still not fully understood. It is suggested that there may be other roles played apart from cell death. The relation between overexpression of Bax in a tissue and pathosis is very complicated.
In this result, Bax was strongly localized especially in the lytic muscle fibers, and the localizations of Bax and active caspase-3 were partially in agreement in serial sections. Furthermore, ssDNA positive areas were confirmed in the same muscle fiber of serial section. It was suggested that the program cell death through the mitochondria advanced at least about these areas. However, in the regenerated muscle fiber with central nucleus, Bax localizations were detected in the periphery of the central nucleus, around the cell nucleus which existed in the periphery of the regenerated muscle fiber and in the granules of cytoplasm (Figs. 4, 5) . Bax localizations were confirmed in nerve fibers in a perimysium (Fig. 5-D ). An axon is cytoplasm of a nerve cell, and there are many mitochondria in it. It is possible that increase of the Bax localization in the axon may be caused by some reason of the nerve cell. But it is not clear whether the nerve fiber goes to programmed cell death. The relationship between these Bax localizations and cell death of the muscle fibers in the mdx masseter was not clear in this result. We can not deny the possibility that these Bax localizations were a process of regeneration of muscle fiber.
An age-related pigment, lipofuscin, is formed by the oxidative degradation of cellular macromolecules by oxygen-derived free radicals. Generally speaking, the accumulation of lipofuscin shows the progress of hyperoxidation of plasma membrane lipids. Recently, Nakae et al. reported that most apoptotic myofiber, myosatellite cells and interstitial cells in the diaphragm muscles of mdx mice at the age of ten-weeks contained accumulated lipofuscin (17) . In contrast, lipofuscin was very rare in the diaphragm of age-matched C57BL/10 control mice. These findings suggested that oxidative stress is related to the pathology of muscle fiber in mdx mice. Oxidative stress is one of the triggers which induce the pathway of apoptosis signal transduction mediated by mitochondria (33) (34) (35) . Further, Nakae et al. suggested that the regeneration of mdx diaphragm muscle initiated from myosatellite cells is impaired by their apoptosis as a result of either oxidative stress or a product of oxidative injury (17) . In the past, we reported almost the same result in a ten-week-old mdx mouse temporal muscle (36) . The relationship between localization of lipofuscin and one of Bax was confirmed in mdx mouse temporal muscle. In our result, the relationship between the pathosis of mdx mouse masseter muscle and oxidative stress was infered to be the same as that of mdx mouse temporal muscle.
Mitochondria is the cell organella which consumes 90% or more of in vivo oxygen and supplies ATP (37). 1-5% of the electrons that flow through the electron transfer system commonly leak on their way, which changes them to the reactive oxygen species (37, 38) . In other words, mitochondria is exposed to the strong physiological oxidative stress all the time. If the run of electrons is delayed because of some dysfunction of the electron transfer system, the leakage of electrons and the production of reactive oxygen species will increase (39) . Also, mitochondria has a function that keeps intracellular Ca 2+ density in the constant (40) (41) (42) . However, when intracellular Ca 2+ density increases and the Ca 2+ intake of mitochondria exceeds the threshold, the permeability of the mitochondrial inner membrane is enhanced. As a result, it is clear that a membrane potential decline and dysfunction of mitochondria is produced. A previous report has presented the hypothesis that the mechanism of the DMD and mdx mouse skeletal muscle fiber lytic was as a result of the Ca 2+ entry into the cytoplasm, because of the fragility of the cell membrane due to the congenital absence of the dystrophin. If this hypothesis is correct, the dysfunction of the mitochondria may be caused by large Ca 2+ entry into the cytoplasm. As a result, the continuous oxidative stress will be generated in muscle fiber. Finally, it may be guessed the possibility that the oxidative stress guidance program cell death will start. If the dysfunction of mitochondria is enhanced further, rapid cell death like necrosis may result. At any rate, the mechanism of lytic of mdx mouse masseter muscle fiber is very complex. Some triggers may participate in the pathosis.
In our result, Bax and ssDNA positive cells were confirmed in the periphery of regenerated muscle fiber. It was not clear the reason for existence of these cells in the periphery of regenerated muscle fiber. In the future, it will be necessary to identify these cells by methods of a transmission electron microscopy and a multiplex staining immunohistochemistry.
